A PPROXIMATELY 50% OF PAtients with multiple sclerosis (MS) exhibit cognitive impairment 1 that adversely affects employability 2 and social skills. 3 Research findings highlight the value of magnetic resonance (MR) imaging in predicting cognitive dysfunction in MS. Magnetization transfer ratio, 4 whole brain atrophy, 5, 6 cortical atrophy, 7 and lesion volume 8 correlate with cognitive function. Arguably, the simple measure of third ventricular width (TVW) has shown the highest correlation with cognitive dysfunction compared with other MR imaging measures. 9 In that study, TVW was significantly correlated with a wide range of tests measuring verbal memory, visuospatial memory, and processing speed; however, the regression models in the study would have been enhanced by newer semiautomated and automated MR imaging techniques that measure neocortical atrophy.
There is evidence of neocortical pathologic features in MS, [10] [11] [12] [13] but only 1 study 7 has assessed the relationship between neocortical volume (NCV) and cognition, to our knowledge. That study showed significant correlation between NCV and measures of auditory and verbal memory, verbal fluency, and attention in 41 patients. In the present study, we aimed to replicate this work in a larger sample and to determine whether NCV would supplant or supplement TVW and other MR imaging measures in regression models predicting cognitive impairment.
substance abuse, other current or past illness that could affect cognitive function, and MS relapse or corticosteroid use within the past 3 months. The mean±SD patient age was 44.6±8.5 years (age range, 24-65 years). The mean±SD number of years of education was 14.0±2.0 years (range, 10-18 years). Most patients (75%) were female, and 94% were white. The mean±SD disease duration was 12.2±8.2 years (range, 1-40 years). The median Expanded Disability Status Scale 16 score was 3.5. There were 77 patients (65%) with RR MS and 42 patients (35%) with SP MS. A subset of 82 patients undergoing neuropsychological (NP) testing did not differ from untested patients on age, disease duration, years of education, or MR imaging findings by t test, except for somewhat higher normalized white matter volume among untested patients (t 117 =3. 4 
, PϽ.01).
Healthy control subjects (n = 27) had a mean ± SD age of 44.0±9.0 years (age range, 24-58 years) and a mean±SD number of years of education of 14.6±2.2 years (range, 11-18 years). Most controls were female (81%) and white (89%). No significant demographic differences were found among the control, RR, and SP groups (PϾ.05). However, analysis of variance revealed a significant difference in age between controls and patients with SP MS (PϽ.05).
NP TESTING
Testing, based on a recent consensus report, 17 was performed blinded to MR imaging findings. Verbal memory was assessed using learning and delayed recall indexes derived from the California Verbal Learning Test-Second Edition (CVLT-II). 18 Visuospatial memory was assessed using analogous indexes from the Brief Visuospatial Memory Test-Revised (BVMT-R). 19 Processing speed (or working memory) was assessed using total correct scores from the adaptations by Rao 20 of the Paced Auditory Serial-Addition Task (PASAT) 21 and the Symbol Digit Modalities Test (SDMT). 22 These tests have good reliability and validity, as described in detail previously. 9, 23, 24 Depression was assessed using the Beck Depression Inventory-Fast Screen, 25 recently validated in MS. 26 As in previous work, 27 patients with MS were divided into cognitively impaired and cognitively intact groups. Tests were standardized using normative data from previously studied controls. 27 Patients with scores at least 2 SDs below the control mean on one test and 1.5 SDs below the control mean on an additional measure were classified as being cognitively impaired. Patients were also considered cognitively impaired if they performed 1.5 SDs below the control means on 3 or more measures.
MR IMAGING PROTOCOL AND ANALYSIS
Patients underwent brain MR imaging using a 1. mentation, we used the SIENAX (http://www.fmrib.ox.ac.uk /analysis/research/siena/) cross-sectional brain atrophy analysis method ( Figure 1) . First, the brain extraction tool was used to remove all nonbrain and non-cerebrospinal fluid tissue from the image and to identify the outer surface of the skull. 30 Brain and skull images were then used to perform a scaling-constrained registration to a standard brain and skull image set to determine a subject-specific normalization factor. 31 The deskulled image was then processed using an automated image segmentation tool. 32 Compartment-specific absolute volumes were then quantified (considering partial volume estimates) and were multiplied by the subject-specific normalization factor to obtain normalized tissue volume measures. Normalized measures of brain volume (BV), gray matter volume (GMV), white matter volume, and cerebrospinal fluid volume were obtained by this process. 33 To measure normalized NCV, a standard space mask was used to separate neocortical gray matter from non-NCV ( Figure 1 ). The NCV was calculated by multiplying the absolute volume of neocortex by the standard space normalization factor. The scan-rescan variability was 0.2% for BV, 0.4% for GMV, 0.9% for white matter volume, and 0.54% for NCV. Two measures of central atrophy were calculated. The lateral ventricular volume (LVV) was determined from axial fluidattenuated inversion recovery images using a semiautomated contouring method in which the volume was automatically calculated from the outlined regions by multiplying the outlined area by the section thickness. 34 The mean coefficient of variation for LVV intrarater reproducibility was 0.53% (range, 0.27%-0.88%). Third ventricular width was measured via a line drawn through the long axis of the third ventricle, parallel to the interhemispheric fissure in the fluid-attenuated inversion recovery axial section where the third ventricle was most visible. The width (in millimeters) was measured by drawing a second line perpendicular to the first line at its midpoint. This procedure previously had a 2.4% coefficient of variation. 9 
STATISTICAL ANALYSIS
We compared the MS and control groups across MR imaging findings and NP test results using analysis of covariance (ANCOVA), controlling for demographic variables differing significantly between diagnostic groups. Pearson product moment correlation provided measures of relationships among MR imaging measures. Forward stepwise linear regression models (entrance criterion P = .05 and exit criterion P = .10) determined if disparate MR imaging predictors accounted for unique additive variance in NP functioning. Absolute values of statistically significant partial effect sizes were compared using Fisher exact test r to z score transformations. Finally, ANCOVA controlling for years of education was used to determine whether MR imaging measures would differentiate cognitively impaired and cognitively intact patients with MS. Analyses were conducted using SPSS for Windows version 13.0 (SPSS Inc, Chicago, Ill). Multiple regression and ANCOVA models were evaluated using standard procedures to ensure that final models met the underlying assumptions required by these statistical techniques. Significance for hypothesis-testing analyses was set at PՅ.05.
RESULTS
Although there were no significant differences in sex, race/ ethnicity, or years of educational achievement among the control, RR, and SP groups, analysis of variance revealed a significant difference in the groups' ages (44.0±9.0, 42.9±7.6, and 47.7±9.2 years, respectively; P=.01). Tukey post hoc tests revealed that patients in the SP group were older than controls (PϽ.05). Consequently, age was used as a covariate for ANCOVA. Magnetic resonance imaging findings and NP test results were not significantly correlated with Beck Depression Inventory-Fast Screen scores. The mean values for the control, RR, and SP groups differed significantly for most dependent measures ( Table 1) .
Years of educational achievement were related to NP test results (CVLT-II learning r=0.38, PϽ.01; CVLT-II delayed recall r=0.39, PϽ.01; BVMT-R learning r=0.26, P = .02; BVMT-R delayed recall r = 0.30, P = .03; PASAT (Figure 2) . In regression models controlling for age and years of education ( Table 2) The mean±SD years of education were higher among cognitively intact patients (15.06±1.84 years) than their cognitively impaired counterparts (13.22 ± 1.67 years) (t 79 =4.5, PϽ.01). Analysis of covariance ( Table 3) revealed that these groups differed significantly on T2-weighted lesion volume, GMV, BV, NCV, LVV, and TVW.
COMMENT
Our findings confirm an association between NCV and cognition in MS. Neocortical volume was significantly correlated (PϽ.01) with all results of NP tests administered, and it differentiated cognitively impaired and cognitively intact patients. Consistent with previous research, 9 the straightforward measure of TVW proved to be an equally valuable predictor of NP status. The third ventricle divides the thalamic hemispheres, and thalamic atrophy may give rise to ex vacuo enlargement of the third ventricle. However, regression analysis produced few additive models: no single MR imaging measure consistently showed statistical superiority when predicting cognitive performance.
Brain volume, LVV, and TVW differentiated the control, RR, and SP groups. Patients in the SP group exhibited more central atrophy than patients in the RR group, who in turn exhibited more central atrophy than controls. These findings suggest that measures of central atrophy may be better markers of MS-related degenerative change than lesion volume.
Cognitively intact patients had more years of education than cognitively impaired patients. Although the number of years of education was treated as a covariate, these data suggest that highly educated patients have more cognitive reserve, which could delay the onset of MSrelated cognitive decline. Recent research has shown that cognitive activity can reduce cognitive decline among patients with Alzheimer disease. 35, 36 Such mental stimulation could stall the progression of mental decline in MS. Given the cross-sectional design of the present study, however, the issue of causality cannot be addressed herein.
A weakness of the present study is the lack of additional MR imaging measures with potential predictive power, including magnetization transfer imaging, diffusion tensor imaging, and MR imaging spectroscopy. These additional modalities measure microscopic cell damage, which cannot be captured by more traditional measures of lesion volume and atrophy. One or more of these measures may predict unique or additional variance in NP status among patients with MS. Another weakness is the crosssectional design of the study. Because BV and NP status have been shown to vary over time, 6 future research should use longitudinal designs that examine the predictive validity of the MR imaging measures investigated in this study. These concerns notwithstanding, the strengths of the study include our large sample of patients with MS and application of a comprehensive battery of reliable and wellvalidated measures of NP functioning. We conclude that central and cortical atrophy contribute equally to the development of cognitive dysfunction in MS. 
